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Epikarst systems have complex recharge – discharge processes in telogenetic
karst systems, including highly variable storage, flowpaths, and mixing dynamics. This
research aimed to characterize the epikarst zone using hydrogen and oxygen isotopic
tracers of these processes within south-central Kentucky’s Crumps Cave system located
in the Pennyroyal Sinkhole Plain. Data and statistical analyses were applied to highresolution rainfall (RF), lysimeter (10 cm, 20 cm, 30 cm depths), and an epikarst
Waterfall 1 (WF1) isotope data collected on a weekly basis between 2011-2018. These
data were coupled with WF1 discharge measurements and weather station data collected
at Crumps Cave Preserve during that same period.
Rainfall isotopes demonstrated seasonal variability with isotopes becoming
depleted during major storm events. A large response in lysimeter isotope values was
observed post-hurricane storm event causing more depleted isotopes. Furthermore,
lysimeter isotopic values were more depleted with increasing in soil depth, but at times
underwent a homogenizing effect. WF1 isotopic values demonstrated a similar effect,
with clustering data points on the local meteoric water line (LMWL), thus, indicating a
mixing dynamic taking place between the soil and epikarst layer. The recharge dynamics
of the epikarst varied based upon storm event (i.e. intensity, amount, longevity, etc.).
Many peak rainfall months showed less response at WF1, in comparison, to months with
lower rainfall amounts. This could be due to the lag effect of the hydrologic year versus
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of the epikarst varied based upon storm event (i.e. intensity, amount, longevity, etc.).
Many peak rainfall months showed less response at WF1, in comparison, to months with
lower rainfall amounts. This could be due to the lag effect of the hydrologic year versus
the calendar year of the plot. Implications on contaminant transport are understood to
vary based on the agricultural land use and magnitude of the storm event. Intense rain
events will allow contaminants to directly infiltrate into the groundwater system through
direct pathways, such as cracks and fractures in the surface or bypassing storage by
exceeding the storage threshold. This makes a karst system, such as Crumps Cave, more
vulnerable to contaminant transport from agricultural landuse, therefore, causing
significant water resource issues for the entire watershed. Future implications depend on
more research regarding the recharge dynamics of karst systems, but the results from this
study provide information needed to improve best management practices for agricultural
practices in karst environments.
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Chapter 1: Introduction
Preserving the quality and quantity of fresh groundwater supplies is important as
the world experiences an increase in global population, stressed natural resources, water
shortages in densely populated regions, and a changing climate. This is particularly
important in karst environments, specifically regarding karst aquifers, which provide
drinking water for 25% of the global population and 40% of the United States through
fresh groundwater supplies (Quinlan and Ewers 1989; Ford and Williams 2007). Karst
landscapes are characterized by springs, sinking streams, sinkholes, caves, and subsurface
conduits formed through the dissolution of soluble bedrock (Klimchouk et al. 2000; Ford
and Williams 2007; Palmer 2007) and the surface and subsurface are highly connected,
thus highly vulnerable.
The subcutaneous zone, known as the epikarst, is the area located immediately
beneath the surface (or soil when present or exposed at the surface) above the aerated or
vadose zone in carbonate rocks and consists of highly weathered carbonate bedrock with
high secondary porosity (Williams 2008). Epikarst is where a variety of
hydrogeochemical processes initiate that influence karst evolution and recharge processes
(Bakalowicz 2004; Jackson 2017). Mangin (1973) characterizes the epikarst as a perched
aquifer-like zone that retains meteoric recharge as it makes its way to the local aquifer
system. With its retaining capabilities, the epikarst hosts critical transitions as the surfacesubsurface processes interact across this dynamic zone (Sauter 1995; Clemens et al.
1999; Perrin et al. 2003; Aquilina et al. 2004; Schwarz et al. 2009). This is of utmost
importance in understanding transport and mixing dynamics of water or contaminants.
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With the interconnectivity of caves and conduits to the surface, water bearing
contaminants can enter the aquifer with little to no filtration.
Understanding the internal dynamics of karst groundwater systems is important
when trying to analyze and interpret preferential flow and transport pathways, mixing,
and residence times; however, there are limitations to the ability of fully comprehending
the internal dynamics of the system because preferential flow through conduits can be
difficult to discover and study. Dye tracing is an effective approach to understand the
dynamics between recharge at the surface and recharge after it is passes through the
epikarst, but the use of stable isotopes (18O/16O and 2H/1H) can provide more
comprehensive tracing of diffuse recharge through the epikarst zone (Clark and Fritz
1997; Maloszewski et al. 2002). According to Yurtsever and Araguas (1993), by
collecting both meteoric water and groundwater at specific points in the system, a
baseline can be created (surface site) and compared to the point after it passes through
epikarst to trace the water source, interpret mixing, and lag times.
Groundwater quality within agricultural landscapes can be susceptible due a
variety of karst features (sinkholes, sinking streams, and caves) being nearby. In today’s
world, agriculture is reliant on a variety of natural and artificial chemicals to help
increase seasonal crop yields. Atrazine, fertilizer, nitrates, and phosphates are just a few
of the common chemicals and nutrient sources involved in many agricultural processes.
These constituents have the ability to remain in soil for extended periods of time and can
be transported into the epikarst by precipitation infiltrating into the surface (Vanderhoff
2011; Lerch et al. 2018). While in many landscapes the contaminants can be filtered
through thick soils and gravel media, karst landscapes tend to have thin soils and direct
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inputs into the groundwater system (Ford and Williams 2007). Having a better
understanding of the roles that the epikarst zone plays in water and contaminant mixing is
important to help develop best management practices (BMP’s) to improve water quality.
This study focuses on improved understanding of the storage and flow of meteoric
water through the epikarst zone in a telogenetic, agricultural karst setting. The data
collected from isotopic and geochemical tracing were used to track the movement of
recharge water within Crumps Cave in Smiths Grove, Kentucky, which represents many
iconic karst areas found throughout much of the U.S. and beyond. While previous studies
provide some details on the dynamics involved in meteoric recharge passing through the
epikarst zone, this study provides a much larger dataset (2011-2018) and detail on the
processes involved. This research provides answers to the following key questions about
these systems:
•

What are the flowpaths and residence times of meteoric water in the epikarst
zone?

•

What do the isotopes identify about the recharge and storage of groundwater in
the epikarst of Crumps Cave?

•

What is the relationship between meteoric recharge and the epikarst zone in
potential contaminant transport in an agricultural karst setting?
In this study, a variety of data and statistical analyses were applied to all the data

collected between the years 2011-2018. Descriptive statistics, time-series analysis, and
linear-regression analysis were implemented into this study using environmental isotopes
of hydrogen and oxygen, meteorological parameters, and discharge. This research will
help develop a clearer understanding of the epikarst zone in regard to flowpaths,
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residence times, and identify other variables influencing the process over multiple
seasons and years. The broader outcomes improve understanding of the epikarst zone,
while also providing a basis for improved BMPs to protect groundwater supplies and
quality in agriculturally impacted karst areas.
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Chapter 2: Literature Review
2.1 Karst History
Some of the earliest descriptions of karst environments began in ancient Greece
by well-known names such as Aristotle and Plato, who began by characterizing caves as
channels with the means of carrying water from the sea to the mountains (White 2007). In
addition, early biblical writings have descriptions of groundwater throughout cities such
as Palmyra, Jericho, and Sidron (LaMoreaux and Stevanović 2015). In the late-1800’s to
the early-1900’s, Jovan Cvijić, also known as “the father of karst geomorphology” and a
disciple of another well-known “father” of geomorphology, Albrecht Penck, helped
launch the field of karst in the scientific world (Ford 2007; White 2007). In Das
Karstphänomen (doctoral thesis/monography), he described and classified dolines, poljes,
karst valleys, and karst landforms in the Adriatic coastal area (Ford 2007). In the 19th
century, cave exploration aided development of two schools where they pieced together
the processes of karst hydrology (White 2007). The two hypotheses suggested within
these schools are components to modern karst systems known as the phreatic zone
(water-filled) and vadose zones (aerated zone) (Palmer 1991; White 2007).
After observations of sinking streams, caves, springs, and the understanding that
caves are graded to water table levels both past/present, karst hydrology started to take
form (Palmer 1991; White 2007). Today, technology has advanced the field and is
creating greater understanding of karst environments. Tracing technology, such as dye
and charcoal packets have become ways of characterizing karst groundwater movement.
Some of the most important innovations of today such as dye tracing, multi-parameter
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instruments, automatic water samplers, flow probes, improved lab equipment, and many
more continue to advance the field of karst research (White 2007).
2.2 Karst Landscapes
The term karst characterizes a landscape that contains caves, a vast amount of
highly complex groundwater systems, and is developed by dissolution of soluble bedrock
such as limestone, dolomite, marble, and gypsum (Figure 2.1) (White 1988; Ford 2007;
White 2007). Karst landscapes cover approximately 10-15% of all non-glaciated
landscapes and between 20-25% of the global population relies on its fresh groundwater
supplies (Veni et al. 2001; Ford 2007; White 2007; de Waele et al. 2009; Anaya et al.
2014). The development of karst can be described through a five-point framework: the
rock, the fluid, the structure, the gradient, and a combination of climate and time (Ritter
et al. 2002; Palmer 2007; Jackson 2017; Kipper 2019).

Figure 2.1. A typical well-developed karst landscape. (Modified from Currens 2001,
Kentucky Geological Survey).
The rock describes the lithologic components that most often form these
landscapes (Kipper 2019). Limestone and dolomite are the most common carbonate rocks
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that are likely to be observed in a karst environment. The fluid describes the typical
solvent that aids in the dissolution process of the bedrock. Typically, this solvent comes
in the form of carbonic acid, which is a slightly acidic acid that interacts with the
minerals in the bedrock and causes the mineral components to go into the solution
(Figure 2.2) (Palmer 2007; Kipper 2019). The structure characterizes the karst landscape
by the fractures, bedding-planes, and joints. The structural component controls how and
where water flows through the landscape. Furthermore, a hydraulic gradient can be
created by a combination of structural dips, surface topography, and structural openings
(Kipper 2019). The hydraulic gradient and structural components affect the water’s flow
path/ or direction, the rate of flow, and can also influence the pattern or shape of the
conduit systems created underneath the surface (Palmer 2007). The final elements karst
development depends upon are time and climate. Time is an important element of karst
development because through thousands to millions of years landscapes undergo great
amounts of change such as tectonic changes, stratigraphic changes, fluvial changes, and
climate changes (Palmer 2007; Kipper 2019). All of these can have an impact on karst
development. For example, as time goes by, the landscape continues to go through the
process of compaction/ or burial (diagenesis) which causes the rock to become harder and
limits the flow of water, thus, limits the rate of denudation (Palmer 2007). In addition,
karst areas will have very different responses to climate change due to the differences in
geography and magnitude at which the changes are happening. Viles (2003) analyzed
how different karst areas would be impacted by climate change, which identified some
regions would see over 50% decrease in effective recharge leading to a declining rate in
dissolution processes and increased threat of cave deposits. Furthermore, with a decrease
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in effect recharge, aquifers may not be replenished at a rate that can supply the growing
need of freshwater resources.

Figure 2.2. Dissolution of limestone (calcite) by carbonic
acid (Source: Palmer 2007).
As mentioned above, the process of diagenesis is important when characterizing
karst landscapes. Shown in Figure 2.3, the diagenesis process of carbonate rocks can be
identified in three time-porosity stages: eogenetic (early exposure), mesogenetic (deep
burial), and telogenetic (post-burial exposure and erosion) (Choquette and Pray 1970;
Florea and Vacher 2006). In karst studies, eogenetic and telogenetic stages are typically
the most commonly discussed. The difference in eogenetic and telogenetic is based upon
their matrix permeability (Florea and Vacher 2006). In past research on two locations,
one being Florida and the other being south-central Kentucky’s Mammoth cave, it was
found that the matrix permeability decreases based on the age of the aquifer (Enos and
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Sawatski 1981; Worthington et al. 2000; Florea and Vacher 2006). Florida karst is known
to be eogenetic and the karst located in south-central Kentucky is telogenetic, thus, older
carbonate aquifers have been through the process of deep burial, whereas, karst in Florida
is still within the early stages of diagenesis (Florea and Vacher 2006). In short, eogenetic
karst will typically have a higher porosity and permeability in comparison to telogenetic
karst landscapes.

Figure 2.3. Diagenetic stages in the evolution of limestone (Modified from Grimes 2002).
2.3 Epikarst
The epikarst zone is the area located in the uppermost portion of a karst
landscape, usually positioned right below the soil layer, or sometimes it can be exposed at
the surface (Bakalowicz 2004; Klimchouk 2004; Groves et al. 2005; White 2007;
Williams 2008). This subcutaneous zone is made up of highly weathered carbonate
bedrock with high secondary porosity (approximately 10-30%) (Williams 2008). The
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1970’s saw the beginning of extensive research on the epikarst zone because cave
biologists observed aquatic fauna in drips from the cave ceiling, indicating that there was
a zone of saturation between the surface and cave (Klimchouk 2004). Klimchouk (2004)
indicated that the term epikarst came from the discovery that the upper layer of a karst
system was a recharge zone for the entire aquifer system (Figure 2.4). In addition, this
zone has been described as a major storage element of the recharge water entering our
aquifer systems (Williams 1983; 2008; Frederick and Smart 1981; Lee and Krothe 2001;
Worthington 2003; Vanderhoff 2011). This became better understood through
hydrochemical and isotopic research that showed signs of mixing between infiltrating
water (storm) and existing water (pre-storm) (Bakalowicz et al. 1974).
As meteoric water infiltrates into the surface, the water passes through the
epikarst before entering major conduits, then makes its way through the vadose zone and
into the phreatic zone or the aquifer system (Vanderhoff 2011). Within the vadose zone,
the water can appear as an epikarstic waterfall which is what can be seen in caves such as
Crumps Cave in Smith’s Grove, Kentucky. In telogenetic karst systems, the epikarst
serves as a connection between the surface and the phreatic zone. This connection makes
these areas very sensitive to environmental changes, such as contaminant transport into
the aquifer system (Cheng et al. 2005; Williams 2008; Jackson 2017). These
contaminants can be in the form of agricultural chemicals, stormwater runoff, and more.
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Figure 2.4. Hydrologic features of the epikarstic zone (From Klimchouk 2004).
Typically, an effective epikarst is developed in roughly 10 meters of pure
limestone or marble, which allows it to contain a perched aquifer because of its varying
porosity and permeability from the surface to the bottom section of the epikarst (Williams
2008). In the upper portion of the epikarst, there may be areas which allow water to
infiltrate the surface faster because of the fractures and faults that can be found at this
particular depth underneath the surface (Jackson 2017). In the bottom portion of the
epikarst, the porosity can be higher allowing the storage of water at the base, which
provides the ability to form conduits and an increase in hydraulic conductivity (Palmer
2007; Jackson 2017). Furthermore, Williams (2008) identified that there can be vertical
fractures or faults that transect parts of the epikarst zone allowing water to infiltrate
quickly through the epikarst, consequently causing minimal to no storage or lag times.
When a large amount of water is allowed to be stored within the epikarst, it can be
described as an aquitard to the vadose zones and saturated zones below (Clemens et al.
11

1999; Cheng et al. 2005; Groves et al. 2005; Aquilina et al. 2004; Jiang et al. 2007;
Petrella et al. 2007; Trček 2007; Williams 2008; Jacob et al. 2009; Jackson 2017).
Klimchouk (2004) and Jackson (2017) described that there are varying residence times of
water stored within the epikarst which could not only be dependent on water stored in
soil, but also by season changes and storm events. This makes understanding the epikarst
storage rates a topic of interest in karst studies to improve groundwater management.
Trying to understand the storage or lag rates within the epikarst zone can be a
difficult task. One way to determine the storage or lag rates is by calculating the
difference between recharge and discharge rates, but this calculation is not always
accurate, specifically when the output values are higher than the input values (Jackson
and Polk 2019). Another method that can be used to trace the movement of water through
the epikarst system is dye tracing. While dye tracing can provide many key details
regarding epikarst response, the more holistic method is the use of stable isotope analysis,
which provides the ability to trace the water by looking at fluctuations within rainfall and
the water being discharged from the epikarst system based upon its isotope composition
(Clark and Fritz 1997; Maloszewski et al. 2002; Schwarz et al. 2009). Perrin et al (2003)
used stable isotopes to understand the epikarst storage in a karst aquifer located in
Switzerland. During flood events, they found increasing hydraulic responses, but
buffered rain isotope responses which indicate soil and epikarst have an important storage
compacity (Perrin et al. 2003). Another key point of this study is that there is a recharge
threshold; once that threshold is exceeded, the water will bypass the soil and epikarst
layers by the way of fast conduit flow to reach the phreatic zone (Perrin et al. 2003).
Hence, isotopes provide a useful approach to understanding the epikarst as a whole
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system rather than just the storage rates in a particular component. Furthermore,
hydrogeochemical studies are important because they can provide a proxy for the
movement of water throughout a karst system that mimics the residence time and mixing
of its constituents (Jackson 2017). Dissolution processes are known to be very aggressive
in the epikarst zone and hydrogeochemical and isotopic analyses can help interpret the
extent of those reactions.
2.4 Stable Isotope Processes in Karst
When researching the origin and age of water in karst, analyzing stable isotopes
such as oxygen (16O/18O) and hydrogen (1H/2H or deuterium) can provide a considerable
amount of important information. Stable isotope analysis is an approach that can be used
to gather an understanding on the water’s mixing properties and sources. In epikarst, this
is particularly important since the mixing of fresh meteoric water comes in contact with
older, stored water during storm events. All elements on the periodic table that have
stable isotopes will normally be represented as a ratio of protons and neutrons in their
nucleus (Palmer 2007; Hoefs 2010). It is known that all forms of isotopes exist naturally,
but when analyzing a sample, it is the ratio of each of the isotopes (heavier to lighter) that
is measured to provide environmental context (Jackson and Polk 2019).
Fractionation is the process that occurs where there is a chemical reaction or
change of state creating the difference in the isotopic ratios of the products from those
that remain in the source, with each reaction containing a different fractionation factor
that is based upon temperature (factor decreases as temperature rises) (Palmer 2007).
Examples of physical change of state (phase change) include evaporation, condensation,
or precipitation of solids from a solution (Palmer 2007). The denser phase will contain a
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higher number of heavier isotopes, such as the difference between δ18O values during
evaporation versus condensation. Due to condensation being the denser phase, the ratios
will contain higher δ18O values, but the original source water will still have slightly more
positive values (Palmer 2007). Furthermore, as clouds move inland from the ocean,
heavier isotopes are precipitated out, with initial rainfall being more enriched, but the
closer the clouds get to the poles, more depleted rainfall values are observed (Dansgaard
1964; Balagizi 2019).
Values are compared to the standard Vienna Standard Mean Ocean Water
(VSMOW) when calculating isotope ratios for water. The δ symbol represents the change
within the isotope ratios which are calculated using the following equation:

Eq. 1

δ A represents the fractionation, RA would be the ratio of the two isotopes, Rst is the
Vienna Standard Mean Ocean Water for the element being analyzed (Palmer 2007; Hoefs
2010; Jackson 2016). To determine the amount/ or extent of mixing that is occurring
within a system, the ratios of each water type must be compared. The following equation
is used for the comparison:

Eq. 2
where R1 and R2 are the different isotope ratios, RFinal is the isotope ratio of the final
mixture, which is known to be the weighted average dependent on the proportion of each
ratio, and V1/VTotal is considered to be the proportion of source one within the mixture
(Palmer 2007; Jackson 2016).
14

δ18O and δD (or δ2H) values in oceanwater that is near the equator are
approximately zero according to the SMOW scale (Palmer 2007; M. Palmer and A.
Palmer 2012). Both isotopic ratios are affected by rain and snow, which makes them
more negative with latitude, altitude, and the distance traveled farther inland (Faure 1998;
Faure and Mensing 2013; Palmer 2007). Graphs can be created by using the two ratios to
create what is known as the meteoric water line. The following equation roughly
represents the global meteoric water line:

Eq. 3
where δD represent the ratio of hydrogen isotopes and δ18O represents the ratio of oxygen
isotopes. The global meteoric water line represents the global annual average isotopic
composition of 18O and 2H, which will deviate based on local meteorological conditions
and should always be adjusted to the area of study. Provided by a linear-regression
analysis, a correlation coefficient, can show whether or not the stable isotopes in water
molecules are closely associated and could provide information regarding their variability
or response to storm events (Kendall and McDonnell 2012).
2.5 Geochemical Investigations in Karst
Geochemical processes vary according to the karst system you are studying and
can be a great foundation to answering many of the questions regarding the processes at
work within a specific karst system. Due to a variety of influences such as geology or
location, the diverse propensities require multiple methods of identification for the
groundwater characteristics (Smart and Hobbs 1986; White 2003; Jackson 2016). The
most common geochemical parameters used for karst investigations include the temporal
15

changes of pH, water temperature (°C), optical dissolved oxygen (ODO), specific
conductivity (SpC), depth, and turbidity. The results of these data can be analyzed using a
time-series analysis plot which looks at each parameter versus time. With the time-series
analysis, you can see variability at a high-resolution and possible interpretations
regarding why certain variances occur. The pH of water is always one of the most
discussed parameters out of all the parameters listed above. Palmer (2007) mentions the
pH of water is a measure of its H+ concentrations and can interpret the acidity of the
water within the karst system or waters. The basics of pH is that the lower the number is,
the more acidic the water is and the more likely dissolution is taking place within that
system. The higher the pH value, the least likely the process of dissolution is taking place
and the water is more basic. A pH of seven is considered neutral (neither basic nor
acidic), but pure rainfall has a pH of approximately 5.6 because of its interaction with
atmospheric carbon dioxide (CO2) and as water passes through the soil layer the pH
decreases to approximately 4.6 because it interacts with additional CO2 within the soil
(Palmer 2007). Once the water is this acidic, it can be aggressive in the process of
dissolution of limestone and dolomite. The pH will increase, and so will the
concentration of dissolved rock, as dissolution occurs, but the reaction can continue until
the pH is well above seven; however, the dissolution rates will slowly begin to level out
(Palmer 2007).
2.6 Stable Isotope and Geochemical Investigations of Epikarst Systems
In previous research, stable isotopes have been analyzed to further understand the
dynamic processes that take place in the epikarst zone of many karst systems around the
world. Most of the previous studies have sampled for isotopes from rainfall and spring
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water at the catchment scale, while few have used rainfall and cave percolation water to
find variations in isotopic signals in hopes to better understand storage times within the
epikarst system. In Perrin et al. (2003), they found by sampling during three flood events
(three events in October 2000, January 2001, and June 2001) that seasonal variations
from the input were strongly reduced at the output (spring) which implies the existence of
an epikarst storage component that allows strong mixing between the fresh infiltrated
water and stored water from past rain events. As the mixing continues, the isotopic signal
will slowly dampen until there is a complete disappearance of the isotopic signal
allowing for a calculation of a storage time within that specific study area. Other studies,
specifically in Crumps Cave of south-central Kentucky, did both geochemical and isotope
sampling from rainfall and epikarstic waterfalls to characterize the epikarst zone within a
telogenetic karst system. Vanderhoff (2011) and Jackson (2017) found through methods
of dye tracing, geochemical sampling, and isotope sampling that this particular epikarst
system presents different scenarios in how water is transported and stored based upon
seasonality, storage, antecedent moisture conditions, and the intensity and amount of
rainfall. These scenarios include 1) storage in the soil due to the clay soil of this area, 2)
epikarst storage model explained by Klimchouk (2004), 3) Lost River chert layer allows
only slow leaky percolation of infiltrated water, and 4) the water bypasses any type of
storage by direct access to conduits (Vanderhoff 2011). Although these studies have
identified key characteristics of the epikarst system in south-central Kentucky, there lacks
a larger high-resolution dataset over a longer period of time for a more precise and
accurate calculation of the lag times and variability over several seasonal changes.
Furthermore, there is a gap in understanding the thresholds and scenarios for the primary
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factors behind water storage and transport in the telogenetic karst systems of southcentral Kentucky (Vanderhoff 2011).
2.7 Conclusion
Karst landscapes are some of the most complicated and dynamic landscapes on
Earth. Because their complex and dynamic nature, they can be one of the most difficult
landscapes to research and understand. All karst landscapes must be approached
differently in order to fully comprehend the processes involved in that particular system.
Epikarst zones in these karst systems have shown to be influenced by a variety of
variables such as precipitation, seasonal changes, and land usage. In addition,
investigations have shown that the epikarst zone plays key roles in dissolution processes,
the movement of groundwater, storage or lag times, flow direction and velocities, and
spring discharge (Jackson 2017). Geochemical methods have shown they can provide
important information about systems that we would otherwise have no knowledge about
(Peyraube et al. 2012). In relation of the project, isotope analysis has proven to be an
effective approach in understanding the movement of groundwater, lag-times, and the
mixing dynamics involved in the epikarst. Past investigations in south-central Kentucky
have used stable isotopes, but the need for a larger data set and more in-depth analyses
exist. This study aims fill the gap by creating a larger isotopic data set using samples
from the years 2011-2018 and running a variety of analyses to further understand
important variables, such as recharge dynamics, isotopic variation, mixing dynamics,
storage, contaminant transport, and meteorological influences surrounding the epikarst
zone. The goal is to provide data that may be used to help create more efficient BMPs to
help protect our fresh groundwater resources from agricultural contaminants.
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Chapter 3: Epikarst Groundwater Recharge Dynamics and Implications for
Contaminant Transport in Agricultural Karst Settings using Stable Isotope Analysis
3.0 Introduction
In karst landscapes, there are many complex processes that take place in the
critical zone involving precipitation, infiltration through soil and rock, storage and
mixing in the epikarst, and the response through discharge the groundwater systems
below (Ford and Williams 2007; Klimchouk 2014). In addition, there are many
atmospheric dynamics that influence the processes that are taking place at the surface and
subsurface. This includes seasonal fluctuations of temperature, precipitation, relative
humidity, and evapotranspiration. As a result, these fluctuations cause both geochemical
and isotopic variations to take place at various spatial and temporal scales. At the local
scale, the variations can provide insight on the origins and flowpaths of water, which can
provide insight on the recharge dynamics of a specific groundwater system (Tobin et al.
2020). Furthermore, under a changing climate, implications for contaminant transport and
drought response in karstic aquifer systems in agricultural settings must be better
understood given the reliance of so many communities on these resources.
Crumps Cave is a telogenetic karst system with complex epikarst hydrogeology in
an agricultural setting in Smiths Grove, Kentucky (Groves and Meiman 2001;
Vanderhoff 2011; Groves et al. 2013; Jackson 2017; Jackson and Polk 2019). The cave is
overlain by agricultural land that influences recharge of the aquifer, including thin soil
layers, cracks, fractures, and conduits that causes water to quickly infiltrate into the
surface, but due to the changes in porosity and permeability in the epikarst zone, the
result is storage and increased residence time of recharge water (Bakalowicz 2004;
Vanderhoff 2011; Klimchouk 2014). Through geochemical studies and dye tracing, it is
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suggested that short-term storage in the epikarst can cause higher concentrations of
agricultural contaminates to mix and discharge in the groundwater system, leading to the
contamination of freshwater supplies (Vanderhoff 2011; Lerch et al. 2018).
Isotopes of hydrogen and oxygen play a crucial role in understanding recharge
dynamics with regard to origin, flowpaths, and response times. Using the isotope ratios
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O/16O and 2H/1H of rainfall, soil water, and epikarst waterfall discharge, climatic

changes or precipitation shifts can be identified through the variations that take place
during or after rainfall events or seasonal shifts over days to years (Perrin et al. 2003;
Polk et al. 2011). This area of study is important because isotopes can provide a more
holistic approach to identifying key variables that impact the recharge of groundwater. In
addition, isotopes coupled with other parameters, such as discharge and rainfall can help
identify the thresholds of timing or amount of storage taking place in the system
(Yurtsever and Araguas 1993). As a result, better action can be taken towards the

management of karst and water resources in agricultural settings.
This study takes a multi-method approach to examine the isotopic variation at
Crumps Cave from January 2011 to May 2018 by tracing the water from precipitation to
the soil, and through the epikarstic waterfall. By understanding all three levels of this
system, the epikarst recharge dynamics are characterized. Precipitation, lysimeter, and
WF1 isotope samples, coupled with additional variables, such as water temperature, soil
temperature, air temperature, precipitation, relative humidity, and discharge help answer
the following research questions:
•

What are the flowpaths and residence times of meteoric water in the epikarst
zone?

20

•

What do the isotopes identify about the recharge and storage of groundwater in
the epikarst?

•

What is the relationship between meteoric recharge and the epikarst zone in
potential contaminant transport in an agricultural karst setting?

The overall purpose of this study is to identify the significant influences on epikarst
recharge dynamics and the implications on groundwater quality. Understanding potential
contaminant pathways via groundwater recharge aids in future development of best
management practices for karst landscapes under agricultural land use.
3.1 Study Area
The field work portion of this study took place in south-central Kentucky, USA,
specifically at Crumps Cave, which is located in a small, rural town called Smiths Grove
(Figure 3.1). According to United States Census Bureau (2019), Smiths Grove has a
population of 798. Crumps Cave is located in the middle of the Mississippian interior low
plateau known locally as the Pennyroyal Plateau (Groves et al. 2005; Vanderhoff 2011;
Jackson 2017). The area surrounding the cave is dominated by agricultural production of
corn, wheat, soy beans, and livestock grazing. The Crumps Cave Preserve is a research
site owned and operated by Western Kentucky University since it was purchased in 2008
(Figure 3.2). The research cave has been the location for a variety of karst related studies
including high-resolution monitoring, geochemical sampling, isotope analysis, and much
more (Groves and Meiman 2001; Vanderhoff 2011; Groves et al. 2013; Jackson 2017).
Its mapped length is two kilometers horizontally underneath many agricultural fields and
has an average cave floor depth of 25 meters (Vanderhoff 2011). Located inside of the
cave, there is a series of epikarstic waterfalls along the eastern side of the passages. The
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waterfall that was used as the primary monitoring and sampling site was Waterfall 1
(WF1), which is located approximately 30 meters inside the cave (Figure 3.3) and falls
approximately four meters from the cave ceiling to the floor (Jackson 2017).

Figure 3.1. Kentucky karst potential map with location of Crumps Cave created by the
author 2020 (Karst potential data modified from Curl (2004) in ArcGIS Online).
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Figure 3.2. Crumps Cave plan view and research site (Polk et al. 2013).
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Figure 3.3 Waterfall 1 (WF1) inside of Crumps Cave (Picture taken by Dr. Jason Polk).
3.1.1 Local Geology
Located in the sinkhole plain of the Pennyroyal Plateau, Crumps Cave is situated
within the upper Mississippian-aged St. Louis Limestone, which is a thickly bedded unit
with a 1-2° dip to the northwest (Jackson and Polk 2019). Between the land surface and
the cave ceiling, the nodular Lost River Chert layer is a primary hydrologic control on incave epikarstic waterfalls due to its leaking confining layer characteristics (Jackson and
Polk 2019). The chert layer is located in-between two limestone sections: the upper
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section is the St. Louis limestone and the lower section is the Ste. Genevieve limestone
(Jackson 2017). The limestone of this area has been through the process of diagenesis
(i.e. deep burial and compaction over long temporal scales), which creates thin soils
comprised of Baxter gravelly, silty loam, Crider silty loam, and Pembroke silty loam
(Jackson 2017; USDA 2020). Within one meter of the soil, chert is often encountered.
Due to the physical and chemical processes taking place at this study site, the limestone
in this area is blanketed with clay-rich soils that, along with the chert layer, can provide
confining hydrologic controls (Vanderhoff 2011; Jackson and Polk 2019).
3.1.2 Local Hydrology
Crumps Cave is situated within the upstream section of the Graham Springs
groundwater basin, which discharges southwest into the Barren River and the springs
have a total recharge area of 316 km2, while the cave recharges an area of approximately
one hectare (Ray and Blair 2005; Vanderhoff 2011; Lerch et al. 2018; Jackson and Polk
2019). Previous research involving dye tracing has provided confirmation of flow from
the cave advancing to Wolf Sink, Grant-Palmore Cave, Wilkins Blue Hole, and Mill
Cave (Ham 2009). There is a continuous flow through most epikarst in the cave,
suggesting large-scale storage, while the immediate response time during storm events
provides evidence of a highly fractured and developed epikarst conduit systems (Groves
et al. 2005; Jackson 2017; Jackson and Polk 2019). Furthermore, the epikarst water can
move laterally as it moves towards baselevel (Vanderhoff 2011). The waterfalls within
the cave are the result of epikarst drainage and provide opportunity for local hydrology
and geochemistry research. The vadose water infiltrates downward intersecting the cave
passage within fractures in the bedrock and emerges as epikarstic waterfalls that
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disappear into the floor of the cave toward the regional groundwater aquifer (Bolster et
al. 2006; Vanderhoff 2011; Jackson and Polk 2019).
3.1.3 Land Use
The land above Crumps Cave Preserve is surrounded by agricultural land-use. It
is situated in area that is at a sufficient distance away large communities to not be
impacted by urban activities. To the east and north, there are areas of livestock grazing
and row crops, which rotates among corn, soybeans, and wheat (Vanderhoff 2011). Due
to this type of land-use, this area has been impacted by a variety of agricultural
chemicals, such as strong herbicides and pesticides, which leads to the increase in nitrates
and phosphates (Vanderhoff 2011; Lerch et al. 2018). In addition, the livestock has
created issues regarding bacteria, such as fecal coliform and E. coli (Vanderhoff 2011).
The west portion of Crumps Cave Reserve has a residential property, where at times
horses are kept within a fenced in area.
3.1.4 Climate
Based on the Köppen climate classification scale, the climate of south-central
Kentucky is considered to be humid subtropical (Cfa). This study observed an average
precipitation amount of 1205 millimeters per year. NOAA (2020) observed an average
annual temperature of approximately 14°C and ranges from 7-31°C. The greatest
percentage of the annual precipitation typically falls between April and October, which is
reflected by the growth of most of the region’s crops (Vanderhoff 2011). This implies
that precipitation is well distributed with spring maximum and fall minimum. The
relative humidity during the timeframe of this study averaged approximately 70%. In
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addition, it is estimated 800 mm of potential evapotranspiration occurs yearly with a
monthly range from 0-100 mm/month (Hess 1974).
3.2 Methodology
3.2.1 Sampling Sites
At Crumps Cave, two data collection sites, one at the main waterfall (WF1) and
one on the surface in an adjacent field were installed for stable isotope water (δ2H/δ18O)
sampling, lysimeters for soil water isotopes at three depths, and continuous weather
station data collection (precipitation, surface temperature, wind speed and direction,
relative humidity, and solar radiation). Data collection was conducted between 20112018 on a weekly basis, in addition to the continuous meteorological data collected at the
surface site.
3.2.2 Data Collection Summary
During previous research by Western Kentucky University’s Center for Human
GeoEnvironmental Studies, isotope sampling at both sites occurred on a weekly basis
from January 2011 to May 2018. At WF1, isotope samples were collected after the water
passed through a barrel-shaped weir for high-resolution discharge measurements. Rainfall
samples were collected inside of an enclosed container once they passed through an
Onset HOBO RG3 Data Logging Rain Gauge (0.2mm/tip ±1.0%). All samples were
collected in 10 mL screw-cap vials with no headspace and refrigerated at 4°C until
delivered to a stable isotope facility for analysis (Hess and White 1992; Wilde et al. 2015;
Jackson and Polk 2019).
High-resolution multi-parameter monitoring instruments were installed recording
geochemical data at WF1 at 10-minute intervals. During the years 2011-2018, two
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different instruments were used; a Campbell Scientific CR10x datalogger measuring pH,
conductivity/temperature, and water depth from a pressure transducer, then, in 2014,
these were upgraded to duplicate Yellow Springs Instruments (YSI) EXO II sondes to
monitor pH, conductivity/temperature, turbidity, and a HOBO pressure transducer for
water level to be converted to discharge. For discharge a 208-liter barrel with holes
drilled into the side was used to measure discharge of WF1 (Vanderhoff 2011). A conical
tarp was used to direct all water flow into the barrel, which removed possible errors in
discharge data (Vanderhoff 2011). In addition, a HOBO series U30 weather station was
installed to provide precipitation, temperature, and a suite of atmospheric variables. Three
lysimeters were used to extract water from the soil layer at depths of 10, 20, and 30
centimeters (Antle 2018). These samples were placed into 50 mL vials and placed in a
refrigerator within 4-hours of collection (Antle 2018). Samples between 2016- 2018 were
sent for analysis at the University of Kentucky’s Department of Earth and Environmental
Sciences’ Stable Isotope Geochemistry Laboratory (KSIGL).
3.2.3 Stable Isotope Analysis
Samples collected from 2011-2013 were analyzed at two labs, one being the
University of Kentucky’s Department of Earth and Environmental Sciences’ Stable
Isotope Geochemistry Laboratory (KSIGL), while other samples were analyzed at the
University of Utah’s Stable Isotope Ratio Facility for Environmental Research (SIRFER)
Laboratory. Both labs use similar methods, KSIGL uses a Los Gatos Research T-LWIA45-EP Off-Axis Integrated Cavity Output Spectrometer (OA-ICOS) with a precision that
typically ranges +/-0.2‰ for oxygen isotope data and +/- 0.5‰ for hydrogen isotope
data, while reporting in the standard δ notation (Godoy et al. 2012; Gebbinck et al. 2014;
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Jackson 2017). SIRFER analyzed samples using a Picarro Cavity Ring Down
Spectroscopy Unit-Water L1102-I with a precision of δ18O< 0.1 ‰ and δ2H<0.5 ‰. All
samples were first filtered by a .45µm filter paper into two mL septa exetainer vials
before being placed into the spectrometers. The labs referenced the Vienna Standard
Mean Ocean Water (VSMOW) standard and internal lab standards for better precision for
all samples.
3.2.4 Data and Statistical Analyses
After receiving the results of all the analyzed samples during the 2011-2018
period, data were analyzed using time-series visualization, linear-regression, and
descriptive statistics. All data were organized, manipulated, and statistically analyzed
using Microsoft Excel and Origin Lab’s Origin Pro 2021 software. The raw data were all
processed and quality checked in an Excel spreadsheet and later transferred over to an
OriginPro master sheet for further statistical analyses and graphing.
Regression analyses of rainfall isotopes versus rainfall totals per sampling period
at the 8-year, annual, and seasonal temporal scale were implemented to identify whether
there was correlation between the two variables. Correlation between RF isotopes and
rainfall totals per sampling period would prompt the need for amount weighted
calculations for all RF isotope values to create a more accurate representation of the local
meteoric water line (LMWL). After further investigation, a monthly amount weighted
LMWL was not used due to the lack of correlation between rainfall amounts and weekly
RF values. Once that step was completed, linear-regression analysis was used to plot the
RF isotopes (δ2H and δ18O) against each other to determine an approximate local
meteoric water line (LMWL). A high correlation coefficient from this analysis implies
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that the stable isotopes in water samples are closely associated (Kendall and McDonnell
2012). Once completed, it was compared to the global meteoric water line (GMWL) to
provide information regarding the influences that could cause the LMWL to deviate from
the GMWL.
After comparing the LMWL and GMWL, WF1 isotope values (δD and δ18O)
were plotted onto the RF graphs to identify possible homogenization taking place within
the epikarst. This can be identified by looking for a clustering pattern of the WF1
isotopes on top of the RF isotope data along the LMWL. Stacked time-series plots for
precipitation, rainfall isotopes, lysimeter (10 cm, 20 cm, 30 cm) isotopes, discharge, and
WF1 isotopes were used to compare weekly, monthly, and annual isotope variations
during rain events throughout each year to trace the water from precipitation, through the
soil, and the excess water being discharged at WF1. This creates a better understanding of
how the water changes isotopically as it recharges the system, while providing key details
regarding the epikarst recharge dynamics.
Rain events, specifically the larger events, were examined in more detail by
focusing the time-series plot on a smaller scale (yearly to monthly to weekly). This was
executed to provide information on whether infiltrated water contributes to the water flow
of WF1 during a flood pulse (Perrin et al. 2003). Yearly RF and WF1 isotope graphs
were created to identify the variations between the years, seasons, and rain events. In
addition to graphs, descriptive statistics were calculated at the seasonal, monthly,
seasonal, and eight-year scale to see how isotope values vary throughout the study.
Descriptive statistics were also calculated for large rain events that showed similar
isotope values of smaller rain events to help quantify the variation between the events.
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Hydrographs were created to examine variations or changes within the system and
comparative analyses were used based on storm events throughout the study timeframe.
Discharge measurements were coupled with precipitation and isotopes at all three levels
(precipitation, lysimeters, and WF1) to compare variations within the isotope values
based on how the system responded to different kind of precipitation events.
Furthermore, the calculated values were compared to the output and response to WF1
based on storage lags in the epikarst after storm events, which causes mixing of the water
and may homogenize the isotopic signal (Yonge et al. 1985; Florea and Vacher 2006;
Polk et al. 2011).
3.3 Results and Discussion
3.3.1 LMWL
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Crumps Cave WF1 and RF Oxygen Isotopes 2011- 2018

March 13, 2011

June 13, 2012

Figure 3.3.1 Linear regression analysis of rainfall isotopes (2011-2018). Plotted with the
LMWL is the GMWL and the WF1 isotope values to show the epikarst homogenization
effect taking place (Source: created by author).
Table 3.3.1 Linear-regression analysis results from δ18O versus rainfall totals showing no
correlation between the two variables.
Year
2011
2012
2013
2014
2015
2016
2017
2018

δ18O (‰) versus Rainfall Totals (mm)
r2 Values
0.01
0.03
0.02
0.08
0.00
0.01
0.22
0.01

32

Isotope analysis of the rainfall isotopes (RF) that were collected during the period
of 2011- 2018 was executed to fully understand the different variations at the
precipitation event, seasonal, annual, and eight-year temporal scale. During this period,
260 precipitation samples were collected at a weekly resolution with a few gaps due to
some weeks of no rainfall. A linear regression analysis was used to analyze the weekly
rainfall isotope values and to create the local meteoric water line (LMWL) for the
Crumps Cave study area (Figure 3.3.1). The LMWL of the weekly rainfall isotopes were
shown to have an equation of δD = 7.78*δ18O + 11.99 with a significant positive
relationship (r2=0.97, p=<0.05). The weekly isotopes in the LMWL were not amountweighted due to the lack of correlation between rainfall amount per sample and the
corresponding isotope value (Table 3.3.1). The LMWL varies slightly from the GMWL
due to the evaporative effects and humidity differences as clouds move inland from
ocean. The LMWL slope is slightly lower than the GMWL, indicating this area has on
average lower relative humidity than what is seen over the ocean. Furthermore, this
indicates higher evaporative effects because the lower the relative humidity, the drier the
air, thus higher evaporation rates take place (InTeGrate 2018). With higher relative
humidity, the closer the atmosphere is to the point of saturation, which leads to lower
evaporation rates.
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Table 3.3.2 Descriptive statistics for RF and WF1 isotopes from 2011- 2018 (Source:
created by author).
RF and WF1 Isotope Values
(2011- 2018)

Mean
Standard Error
Median
Standard Deviation
Range
Minimum
Maximum
Mean
Standard Error
Median
Standard Deviation
Range
Minimum
Maximum

δ2H (RF) ‰
-32.61 Mean
1.62 Standard
Error
-26.90 Median
26.14 Standard
Deviation
150.00 Range
-134.10 Minimum
15.90 Maximum
δ2H (WF1) ‰
-33.97 Mean
0.15 Standard
Error
-33.90 Median
2.83 Standard
Deviation
31.03 Range
-58.52 Minimum
-27.49 Maximum

δ18O (RF) ‰
-5.73
0.20
-5.10
3.30
18.59
-17.90
0.69
δ18O (WF1) ‰
-5.92
0.02
-5.98
0.31
2.38
-7.18
-4.80

Waterfall 1 (WF1) isotope samples (δD and δ18O) were collected at the same
resolution and date range as the rainfall isotopes. In total, 357 WF1 samples were
collected during the 2011- 2018 study period. WF1 δD and δ18O values were plotted
against the RF δD and δ18O data on the LMWL. Unlike the rainfall, which varies between
δD = -134.1‰ – 15.90‰ and δ18O = -17.9‰ – 0.69‰ with a mean of δD = -32.61‰ and
δ18O = -5.73‰, the waterfall shows less variability over the eight years, varying between
δD = -58.52‰ – -27.49‰ and δ18O = -7.18‰ – -4.80‰ with a mean of δD = -33.97‰
and δ18O = -5.92‰ (Table 3.3.2). The narrow range in the WF1 isotope values implies a
homogenizing effect taking place after the rainfall infiltrates into the epikarst and before
exiting the waterfall. After effective recharge water reaches the epikarst, newly infiltrated
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rainwater is mixing with storage water from previous storm events under varying
residence times, but long enough to allow substantial mixing over an annual basis. There
were two outliers in the WF1 isotopes that caused them to be more depleted than the rest.
The first event occurred on March 13th, 2011, where the values of the isotopes became
depleted likely due to an intense rain event that occurred before the sampling period.
Furthermore, the temperatures were still relatively cold, which caused the rainfall to be
more depleted during the intense event. The other outlier event occurred event occurred
on June 13th, 2012, where values were also more depleted than the clustered WF1 data
along the LMWL. This event was likely caused because several days before the sample
was taken, there were a few rain events where rainfall isotope values were more depleted.
After these events, there was a period where little to no rainfall occurred allowing storage
or a lag in response at WF1, thus, the collected sample was likely leftover from the rain
events that occurred days before.
3.3.2 Rainfall Isotopes and D-Excess Variation
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Figure 3.3.2 Rainfall variation of δ18O and δ2H for each year during the timeframe of
January 2011- May 2018 (Source: created by author).
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Table 3.3.3 Seasonal descriptive statistics of RF isotope variation from 2011- 2018
(Source: created by author).
Fall
(20112017)
Mean
Standard
Error
Median
Standard
Deviation
Range
Minimum
Maximum
Summer
(20112017)
Mean
Standard
Error
Median
Standard
Deviation
Range
Minimum
Maximum

Rainfall
(mm)

δ2H
(RF)
‰

δ18O
(RF)
‰

27.14
4.22

-36.78
3.47

-6.55
0.43

18.12
33.19

-30.33
27.35

-6.03
3.42

224.26
0.00
224.26

140.90
-134.10
6.80

17.40
-17.90
-0.50

Rainfall
(mm)

δ2H
(RF)
‰

Winter
(20112018)
Mean
Standard
Error
Median
Standard
Deviation
Range
Minimum
Maximum

δ18O
(RF)
‰

30.27
3.71

-17.62
2.41

-3.53
0.31

24.36
29.42

-16.38
19.12

-3.10
2.44

139.08
1.25
140.33

94.90
-79.00
15.90

12.09
-11.40
0.69

Spring
(20112018)
Mean
Standard
Error
Median
Standard
Deviation
Range
Minimum
Maximum

Rainfall
(mm)

δ2H
(RF)
‰

δ18O
(RF)
‰

30.60
3.38

-44.88
3.77

-7.36
0.43

26.92
24.83

-41.35
27.69

-6.99
3.19

101.58
1.75
103.33

111.80
-110.90
0.90

12.30
-14.60
-2.30

Rainfall
(mm)

δ2H
(RF)
‰

δ18O
(RF)
‰

34.47
3.65

-32.90
2.62

-5.73
0.33

24.96
32.82

-27.29
23.61

-5.30
2.99

182.92
0.18
183.10

104.34
-102.90
1.44

14.04
-14.90
-0.86

Isotopic analysis was executed for the RF isotopes δ18O and δ2H at an annual
scale to determine their variability each year through the period of January 2011- May
2018. In Figure 3.3.2, seasonal trends are observed from 2011- 2016 RF isotopes with
more negative (depleted) values in the winter months and more positive (enriched) values
in the summer months. These are typical isotope value characteristics for locations in the
mid-latitudes, because of a variety of influences, such as the temperature effect,
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evaporation, transpiration, relative humidity, amount effect, and moisture source
(Dansgaard 1964; Posmentier et al. 2004; Florea 2013). Although, the regression analysis
found little to no correlation between rainfall amount and isotope values for this study,
there are scenarios where a depletion of isotope values is identified. For example, in May,
2012, the isotope values are more enriched due to the season change, but after a few
intense rainfall events throughout May, some samples shift to more depleted values.
These events were not peak events, but due to these events being short-lived and intense,
they still cause a depletion in RF isotope values for those events. Once these short-lived
events cease, the isotopic values typically return to their seasonal pattern. After the winter
storm event that occurred in January 2016, the isotope values become variable. Table
3.3.3 shows the descriptive statistics by season throughout the entire dataset. During the
winter δ2H ranged -110.9‰ – 0.9‰, with a mean of -44.88‰ and δ18O ranged -14.6‰ –
-2.3‰, with a mean of -7.36‰, while the summer δ2H ranged -79‰ – 15.90‰ with a
mean of -17.62‰ and δ18O ranged -11.4‰ – 0.69‰, with a mean of -3.53‰. This
suggests that throughout most of the dataset there is a seasonal pattern in the variation of
RF isotopes.
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July 5, 2012 anomaly

Figure 3.3.2.1 Time-series of d-excess showing the variation from 2011- 2018 (Source:
created by author).

In Figure 3.3.2.1, D-Excess (Dex) is plotted for the 2011- 2018 timeframe. The Dex
can help identify moisture sources that impact the isotopic values (Florea et al. 2010).
Values that are less than 10 can be the effects of transpiration, while values greater than
10 could mean the values are being impacted by evaporation or downwind moisture
sources. The Dex values range from -7.90‰ - 30.11‰, with a mean value of 13.26 for the
entire dataset, which indicates that there is an evaporation-dominated effect taking place.
In addition, this indicates a moisture source of air masses that are less humid than the
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standard for the global ocean average (Merlivat and Jouzel 1979; Florea 2013). The Dex
values are typical for mid-latitude regions with higher values in the Fall and Winter, but
the overall averages are also typical due to the position of Kentucky within the United
States interior, which places the state in a position of storm tracks that could lead to the
higher Dex values seen throughout this study (Kendall and Coplen 2001; Florea 2013).
The Dex averages suggest this area sees lower relative humidity averages than
over the ocean. There were a few anomalies, such as the week of July 5th 2012, where Dex
drops to -7.9%. This is an abnormally low value but could be the impact of the weekly
average relative humidity values that were over 80% throughout much of that week and
the source of the rain event that occurred. When considering these two variables together
with lower evaporative effects, this could lead to a Dex value that is abnormally lower
than average. In conclusion, Dex can be impacted by variety of atmospheric values, but
seems to vary greatly based upon the combination of relative humidity, air temperature,
and the originated source of the water in the study area (Dansgaard 1964; Kendall and
Coplen 2001; Posmentier et al. 2004; Florea 2013).
3.3.3 Isotopic Shifts
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September
2017
Hurricane
Harvey Event
January 2016 Winter
Storm

Figure 3.3.3.1 Isotope plot of precipitation, RF isotopes, WF1 isotopes, and discharge
showing the variation of isotopes from rain/drought events and discharge at WF1
(Source: created by author).
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Table 3.3.3.1: Variability of RF isotopes pre- and post-Harvey storm event (Source:
created by author).
Before Harvey Event
Mean
Standard Error
Median
Standard Deviation
Range
Minimum
Maximum
After Harvey Event
Mean
Standard Error
Median
Standard Deviation
Range
Minimum
Maximum

δ2H (RF)
‰
-25.30
2.75
-21.40
21.45
108.30
-102.90
5.40
δ2H (RF)
‰
-41.71
4.70
-37.20
23.01
70.50
-80.00
-9.50

Mean
Standard Error
Median
Standard Deviation
Range
Minimum
Maximum

δ18O (RF)
‰
-4.78
0.34
-4.30
2.67
15.20
-14.90
0.30

Mean
Standard Error
Median
Standard Deviation
Range
Minimum
Maximum

δ18O (RF)
‰
-6.87
0.56
-6.25
2.76
8.40
-11.20
-2.80

Seasonal cycles in RF isotope variation occur, with more depleted values in the
winter and more enriched values in the spring and summer months (Figure 3.3.3.1). As
seen in Table 3.3.3.1, large/intense rain events and ice/snow events, such as remnants
from Hurricane Harvey, can cause the isotopic values to become more variable or to shift
entirely. This shift could be due to the source of the water from the Gulf of Mexico,
where fractionation occurred picking up the lighter isotopes from the ocean, such as 16O
and leaving the rainfall that moves inland more depleted (Dansgaard 1964; Balagizi
2019). In January 2016, a major shift in isotopic values takes place, where after a winter
storm event, there is more variability in the rest of the dataset for the RF isotopes, unlike
what is seen in the data through the years 2011-2015 for RF isotopes. The WF1 isotopes
show a response with a shift that causes the isotopic values to initially become more
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depleted due to the snowfall, then there is a period for over a year where the isotopic
values are more enriched, which could be the cause of slow meltwater infiltration into the
system, succeeded by seasonal change. This also occurred after there were minimum
responses from WF1 for 1- 2-year period and this event seemed to reset the system (i.e.
post-event discharge seemed to respond efficiently to peak events).

Crumps Cave

Figure 3.3.3.2 Map showing the winter storm that occurred on January 22nd and 23rd of
2016 (Modified map created by NWS Jackson, KY 2016).
The winter storm event that took place on January 22nd – 23rd of 2016 caused over
300 mm of snow accumulation (Figure 3.3.3.2). During the period of January 15th –
January 27th (period of the isotopic composition shift), the temperature ranged from
-17.42 °C to -11.08 °C with a mean of -1.86 °C. When water vapor condenses, the
temperature plays a major role in the fractionation that occurs in the formation of
precipitation and this can influence the stable isotope ratio of water (Friedman et al.
1964; Akers et al. 2017; Beria et al. 2018). The fractionation factors between phases
(vapor and liquid or vapor and solid (ice)) tend to decrease with the rise of air
temperature (Friedman et al. 1964; Akers et al. 2017; Beria et al. 2018). Due to this
decrease in fractionation, the formation of precipitation at higher temperatures causes
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isotopes to have more enriched values, while at lower temperatures the isotopic ratios are
more depleted. In areas such as Crumps Cave, seasons are typically more distinct, and
snow tends to have isotope compositions that are more negative than rainfall (Clark and
Fritz 1997; Akers et al. 2017); however, the WF1 isotopes respond entirely differently,
starting with a small shift toward more depleted values for a few weeks, which then leads
into a trend where the values become more enriched for over a year.
Table 3.3.3.2 Descriptive statistics of 2014-2015 and 2016- 2017 WF1 isotopes values.
2014-2015

δ2H (WF)

Mean
Median
Standard Deviation
Range
Minimum
Maximum

-35.76
-35.77
1.28
11.14
-43.26
-32.12

2016-2017

δ2H (WF)
-32.85
-32.20
2.28
10.55
-38.15
-27.60

Mean
Median
Standard Deviation
Range
Minimum
Maximum

δ18O (WF)
-6.08
-6.09
0.17
1.23
-6.84
-5.62
δ18O (WF)
-5.71
-5.70
0.34
1.70
-6.50
-4.80

The descriptive statistics shown in Table 3.3.3.2 display that in 2014 – 2015 δ2H
had a range of -43.26‰ – -32.12‰, with a mean of -35.76‰ and δ18O had a range of 6.84‰ – -5.62‰, with a mean of -6.08‰, while from 2016 (post-winter storm) – 2017
(before Hurricane Harvey) δ2H had a range of -35.30‰ – -27.60‰, with a mean of 31.78‰ and δ18O had a range of -6.50‰ – -4.80‰, with a mean of -5.57‰. This shift of
an average 3.98‰ in δ2H and 0.51‰ in δ18O to more enriched values for a period of over
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a year reveals that there are many dynamics taking place within the soil layer and epikarst
zone during periods of recharge.
In a study of four different sites that vary in climate (Alaska, Vermont, Colorado,
and California) by Taylor et. al (2002), they found that snowmelt water had an initial
response with isotopic values more depleted than average and, then, a shift to values that
become more enriched than average by approximately 4‰. This is very similar to what is
seen at Crumps Cave with an initial decrease in isotopic value and then values increase
for an extended period. Mohammed et al. (2019), found that even when the soil was
frozen or partially frozen, groundwater responses were still being observed, but there still
were lags due to refreezing of the meltwater within the soil. The is likely an explanation
to how the system at Crumps Cave is responding after a major snow event, during which
soils were frozen before the snowfall even began. This could also explain the extended
enrichment observed within the WF1 isotopes after the winter storm event occurred. The
extension of the impacts of meltwater comes with a decrease in precipitation post-winter
storm event.
The amount of rainfall recorded during the timeframe after October 26, 2016
sample period to December 13, 2016 was only 16.66 mm, which indicates a distinct flash
drought period and large decrease in rainfall from the previous months. It is also seen in
the discharge, where there is a huge decrease during that same period of lower rainfall.
The snowmelt event caused the initial enrichment of the isotopic values, but with the
change of season and the lower rainfall amounts, the trend towards more enriched values
is extended in the response at WF1 for more than a year. This suggests that seasonal
influences on rainfall patterns likely impact the overall homogenization and average
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isotopic values of the epikarst water in this setting. Another factor in the overall
homogenization of the WF1 isotopes is the Lost River Chert, which is a confining layer
that allows slow leaky percolation, thus, allowing short-term storage before water
discharges as WF1 (Vanderhoff 2011). This layer allows slower flow of the meltwater
from this event and mixing of new stormwater, which causes a gradual increase to more
enriched values. With the addition of seasonal change, the result is an extended period of
enriched values until the next large event.
Table 3.3.3.3 Pre- and post- Hurricane Harvey descriptive statistics of isotopic values for
WF1 (Source: created by author).
7/5/2016- 8/30/2017
Mean
Standard Error
Median
Mode
Standard Deviation

δ2H (WF1) ‰
-31.25
0.14
-31.30
-31.30
1.10

Range
Minimum
Maximum
Post-Hurricane Harvey
Mean
Standard Error
Median
Mode
Standard Deviation

5.50
-33.10
-27.60
δ2H (WF1) ‰
-35.32
0.25
-34.70
-34.70
1.46

Range
Minimum
Maximum

6.20
-39.80
-33.60

Mean
Standard Error
Median
Mode
Standard
Deviation
Range
Minimum
Maximum
Mean
Standard Error
Median
Mode
Standard
Deviation
Range
Minimum
Maximum

δ18O (WF1) ‰
-5.50
0.03
-5.50
-5.70
0.21
0.90
-5.70
-4.80
δ18O (WF1) ‰
-6.01
0.05
-6.00
-6.00
0.27
1.40
-6.60
-5.20

In 2017, much like the winter storm event, an intense rainfall event caused by the
remnants of Hurricane Harvey caused a shift in the isotope values for both WF1 and RF.
In addition to this event being characterized as a severe event with high intensity and
large rainfall amounts, this is typically when the seasons change from summer (the
46

hottest period) to Autumn (cooling down period) in the state of Kentucky. After this
event occurred during the September 6th, 2017 sampling period, values shifted from
slightly more enriched values to more depleted values. Post-Harvey WF1 statistics show
δ2H had a range of -39.80‰ – -33.60‰, with a mean of -35.32‰ and δ18O had a range of
-6.60‰ – -5.20‰, with a mean of -6.01‰ (Table 3.3.3.3). This is a shift of 4.07‰ in δ2H
and 0.51‰ in δ18O from what was seen after the winter storm event in 2016. This could
be due to seasonal change from fall to winter, but also a continental/rainout effect
because the source of water originated from the Gulf of Mexico leaving isotopes more
depleted by the time the clouds moved into Kentucky (Dansgaard 1964; Kendall and
Coplen 2001; Price et al. 2008; Polk et al. 2011). In addition, the isotope values at WF1
seem to recover back to baseline from what was seen in the period leading up to the
winter storm event in January 2016. This could be due to the steady amount of rainfall
that takes place after the Hurricane Harvey event, which allows for short-term storage in
the epikarst, thus allows a homogenizing effect to take place.
Post-Harvey RF isotope values varied greatly from the year before and those after
the winter storm event of 2016. During the timeframe between the winter storm and the
Harvey event, δ2H had a mean of -25.30‰ and δ18O had a mean of -4.78‰ compared to
after the Harvey storm event, where δ2H had a mean of -41.71‰ and δ18O‰ had a mean
of -6.87‰. There are influences, such as seasonality, rain amount, and rain intensity that
could cause this shift in the isotope values. The intensity of this storm could be a major
influence on isotope values, with rainfall totaling up to 3.61 mm per hour during the
period of August 31st 2017 – September 2nd 2017 (main event occurrence) and, during the
most intense periods, rainfall totaled 13.65 mm per hour in a 12-hour period (August 31st,
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9PM EST- September 1st, 9AM EST). Although, there is a decrease in isotope values on
average after the Harvey event, the isotope values recover to become more enriched after
a few weeks. From there, the isotope values tend to vary based upon factors such as
seasonality and small intense rain events as the system recovers to baseline status.
3.3.4 Recharge Dynamics
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Table 3.3.4.1 Precipitation and Discharge totals annually and seasonally to show WF1
response (Source: created by author).

49

Low rainfall,
high Q response
High
rainfall,
low Q
response

Figure 3.3.4.1 Total monthly precipitation and discharge showing the response of WF1
after peak precipitation months (Source: created by author).
In Table 3.3.4.1, the precipitation totals and discharge totals, both seasonally and
annually, were used to determine how WF1 responded to the different precipitation
amounts throughout the study period. For most years and seasons, WF1 had a similar of
magnitude response that corresponded with the amount of precipitation that took place
during that year or season. Although, 2012 had the least amount of precipitation, the WF1
response was much higher than what is seen in 2014 and 2016, comparatively. This could
be due to the differences in effective recharge and antecedent moisture conditions. It also
could be from a shift in local climate variables that cause interannual changes to recharge
dynamics, such as change in precipitation patterns, snowmelt, water flow, drought
occurrence, and the amount of evaporation taking place (Velasco et al. 2017).
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The wettest spring season was 2011 in the eight-years of data collection and this
also was reflected by the response at WF1, where the largest amount of total discharge
occurred. This event was reflective in both the RF isotopes and the WF1 isotopes, with
depleted isotopic values. In addition, there was some variability as well, indicating the
depletion due to intense rainfall and low temperatures at the beginning, but as there is a
transition into later spring, the temperatures start to increase causing values to slowly
become more enriched. In 2014 and 2015, there are multiple precipitation events that did
not cause a large response in discharge like other events with similar rainfall amount. In
Figure 3.3.4.1, monthly precipitation totals were plotted against monthly discharge totals
to show the response of WF1 after varying events for the entire dataset (2011-2018).
In the three-year period between 2013- 2015, there are many peak precipitation
months where the response from WF1 was very low in comparison to other typical peak
months. These peak precipitation months are likely causing less response at WF1 due to
factors such as seasonality and precipitation event intensity during that month, but are
most likely caused by changes in antecedent moisture conditions allowing much of the
effective recharge to move into storage (Vanderhoff 2011; Tobin et al. 2020). The
seasonal effect on recharge rates, likely influenced during spring and summer by higher
evapotranspiration rates in some years, combined with the annual distribution of rainfall,
can affect the isotopic signature of WF1 by controlling the effective recharge of the
system. Antecedent moisture conditions are likely to play a major role in the responses
that are being observed in discharge and WF1 isotopes because if water is already being
stored before an event occurs, the threshold may be exceeded allowing fast conduit flow
directly to WF1. In comparison, if there is a low amount of antecedent moisture, it may
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take a large intense event to push water past storage, thus longer residence times within
September
2017
Hurricane
Harvey Event

the epikarst zone.

Figure 3.3.4.2 Graph showing isotopic variability of soil water and WF1 with changes in
soil moisture, soil temperature, WF1 temperature, and rainfall amounts (source: created
by author).
Vanderhoff (2011) suggested four possible scenarios impacting effective
recharge and, thus, contaminant transport into the epikarst at Crumps Cave: 1) storage in
the soil due to the clay soil in the area, 2) epikarst storage model explained by Klimchouk
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(2004), 3) Lost River chert layer allowing only slow leaky percolation of infiltrated
water, or 4) the water bypasses any type of storage by direct access to conduits.
Vanderhoff (2011) also identified that most of these variations in response times and
residence times were influenced by seasonality and the intensity of the precipitation
event, but only for about one year of data. This was observed from the winter storm event
where the large amounts of snowmelt influenced the response of WF1, because of the
lack of evapotranspiration and high volume of infiltrated meltwater. Tobin et al. (2020)
further studied this phenomenon and suggested that storm intensity and antecedent
moisture play a major role in controlling effective recharge in telogenetic karst systems,
using both Crumps and other regional karst sites.
Table 3.3.4.2 Descriptive statistics showing differences in soil moisture at 10 cm, 30 cm,
and 50 cm (source: created by author).
Soil Moisture (m3/m3)
April 2016- May 2018

D=10 cm

D=30 cm

D=50 cm

Mean

0.38

0.34

0.34

Range

0.25

0.29

0.24

Minimum

0.25

0.20

0.23

Maximum

0.50

0.49

0.47

Figure 3.3.4.2 shows the weekly precipitation amount for each sampling period,
soil moisture and temperature (10 cm, 30 cm, and 50 cm), lysimeter isotopes (10 cm, 20
cm, and 30 cm), WF1 water temperature, and WF1 isotopic values together to
demonstrate influence that soil and epikarst has on the isotopic values. Leading up to the
Harvey event, the lysimeter isotope values all show a stable averaging effect taking place
once the precipitation enters the soil layer. Just as described with the WF1 isotopes, a
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homogenizing effect takes place once the water enters the soil/epikarst zone, which
implies the possibility of long-term storage and mixing. The change in pre-Harvey versus
post-Harvey is larger than what was found in the WF1 isotopes, Stoll (2014) states that
isotopes become more depleted as they go deeper into the soil. This is what was observed
in this study area, each lysimeter had average isotope values that decreased with
increased depth. This is also possible due to the clay soil or chert layers, which allow
longer residence time and slower water infiltration, but some recharge water can bypass
this layer quickly by making its way through cracks and fractures located at the top of the
epikarst layer (Klimchouk 2004; Vanderhoff 2011; Klimchouk 2014).
The isotopes become more enriched by the time they reach the waterfall which
could indicate the possibility of extended mixing in the epikarst layer (i.e. or the
confining chert layer). After the water makes its way through the soil layer, some water
will find cracks and fracture within the epikarst zone to make its way through the system
quickly by way of conduits, while some water will be stored at the base of the epikarst
because of the confining characteristics of the Lost River Chert layer (Klimchouk 2004).
At the base of the epikarst, water from previous storm events mixes with the new
stormwater, which causes even more of an averaging effect than what is seen in the
lysimeter isotopes. This is the reason for much of the clustering and less variability in the
isotope values for WF1 than in the RF isotope values. In addition, soil moisture may
impact the effectiveness in recharge and its effects on isotopic values. Thresholds that do
not exceed 0.5 m3/m3 at all three depths (10 cm, 30 cm, 50 cm) were observed in the
graph and the descriptive statistics shown in Table 3.3.4.2.
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Once soil reaches that threshold point of saturation, water is pushed through and
enters the epikarst, which implies in this study area the maximum saturation is
approximately 0.5 m3/m3 (O’Green 2013). Before this threshold is met, storage or mixing
is likely taking place. During times of lower rainfall amounts followed by an intense
event, such as the Hurricane Harvey, water is quickly able to bypass the storage leading
to direct responses from the lysimeter isotopes and shortly after, the WF1 isotopes.
Figure 3.3.4.3 indicates how water moves through this system based upon the type of
storm event. Antecedent moisture is taken into consideration when observing the
responses from minor storm events. If there is existing water already in storage at the
time of a minor storm event, there is still the possibility for increased response because
storage can become full faster than when antecedent moisture conditions are non-existent.
In comparison, little antecedent moisture can allow an increase in storage
compacity, causing slower responses during major storm events. Another factor of
epikarst responses is crop rotations, which have been considered a good practice to avoid
soil degradation and been shown in previous research to increase groundwater recharge
(Dakhlalla et al. 2016). While increasing groundwater recharge and reducing the number
of synthetic fertilizers is incredibly important, areas with a combination of poor grazing,
livestock management, and rotation of crops could put the groundwater quality at risk of
bacterial contaminants and pathogens. This is because the increase in recharge implies an
increase in water movement through the soil. Crop rotation should still be considered as a
best management practice to help reduce the use of synthetic fertilizers, pesticides,
insecticides, and herbicides.
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Figure 3.3.4.3 Flow chart showing the basic movement of water during minor and major
storm events (source: created by author).
3.3.5 Contaminant Transport Implications
Karst landscapes are particularly vulnerable to contaminants derived by
agricultural practices of south-central Kentucky (Pasquarell and Boyer 1996; Currens
2002; Panno and Kelly 2004; Katz et al. 2009; Lerch 2011; Lerch et al. 2018). The
characteristics of Crumps Cave could intensify the impacts to groundwater from
agriculture land use. Surrounding the Crumps Cave area are agricultural lands used for
row crops and livestock. Row crops tends to cause pools or runoff of stormwater, which
transports many of the leftover contaminants on the surface directly into cracks or
fractures where it rapidly enters the groundwater supply. Livestock gives way to bacteria,
such as fecal coliform and E. coli, which infiltrate the thin soil layers of a karst landscape
with little to no filtration (Lerch et al. 2018).
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Vanderhoff (2011) identified that peak events characterized by high bacteria
concentrations. Although, Crumps Cave had some rain events that provided large
amounts of rain with minimum response from WF1, the more intense rain events (i.e. rain
events with more mm/hour) all led to major responses. During the 2017 event, the
lysimeter isotopes at all depths had more depleted isotopic values for 18O and 2H,
providing evidence that water is quickly making its way through the soil layer and
slightly fractionating toward a more homogenized state. Once the water reaches the
epikarst, it flows through cracks and fractures to directly input into WF1, which was
observed in the depletion WF1 isotopes (Klimchouk 2004; Vanderhoff 2011; Jackson
2017). For this intense event, the values are more depleted compared to other peak
events, which is likely due to the magnitude and intensity of the storm following the
amount effect (Polk et al. 2011). This is a key characteristic in allowing agricultural
contaminants to infiltrate with little to no filtration (Vanderhoff 2011; Lerch et al. 2018).
Another factor in contaminant transport and groundwater recharge is the physical
change of the landscape by the way of tilling. Wuest et al. (2006) states that the tillage
process of fracturing and mixing up the soil at the surface can degrade the areas of fast
infiltration. In an area where unnatural chemicals are being used, tillage mixes them up
into the soil. This can cause harmful bacteria, pesticides, and herbicides to build up in the
soil layer. Over time, this can make it way into the groundwater system, especially during
peak events, such as those seen from 2011- 2018. This makes Crumps Cave and other
agricultural karst areas vulnerable unless best management practices, such as crop
rotation, cover crops, or less use of unnatural pesticides/herbicides are implemented
(Lerch et al. 2018).
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3.3.6 Conclusions
Crumps Cave represents a typical epikarst system with dynamic processes that
affect the way it responds to recharge events over both short and long timescales. The
isotopes from precipitation help characterize the moisture the area typically receives at an
annual, inter-annual, and seasonally temporal scale. The precipitation isotopic values
(δ18O and δ2H) show mostly seasonal fluctuations where there is a depletion in the colder
months and an enrichment during the warmer months, but during certain periods of
intense rainfall, depletions in the isotopic values were observed no matter what season it
occurred in. Although, there was no average annual correlation with other variables, such
as relative humidity, air temperature, and rainfall amount, constraining to smaller
temporal scales suggests that these variables do have slight impacts on the variability of
the precipitation isotope values. Observed by the LMWL, the variability of rainfall and
the clustering of the WF1 are conclusive evidence of an averaging effect taking place
after the precipitation between the soil and epikarst zone. It also indicates that this area is
dominated by lower than global ocean average relative humidity with higher evaporation
effects, which leads to higher on average Dex values throughout an entire year and, thus,
more complicated effective recharge dynamics based on antecedent moisture conditions.
Most importantly, this study identifies how the epikarst responds under different
conditions, such as winter storm events, remnants of hurricanes/tropical storms, drought,
and other peak storm events. This system suggest that precipitation amount does not
always indicate the level of response seen in the epikarst, but rather the intensity and
antecedent moisture levels are controlling factors. There are times during a month where
peak recharge events were observed, but the level of response was lower in magnitude
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compared to other peak events. The isotopic variation of the lysimeters and waterfall
suggest the potential for lag or storage within the soil and epikarst zones that could be on
the scale of weeks to months. Both layers show varying responses to precipitation and a
homogenizing effect takes place due to prolonged residence time. The rejuvenation of
recharge after a winter storm event indicates that intense precipitation is not the only
variable able to influence the effective recharge in the epikarst zone.
With regard to flowpaths and residence times of meteoric water, the results here
suggest there are possible thresholds in the epikarst zone based on how the system
responds to events of differing intensities and magnitudes within a season. For example,
some smaller scale events responded more than the peak events, but, typically, this was
due to the overall intensity of the event and higher antecedent moisture conditions (Tobin
et al. 2020). While the amount of rainfall may be less, the intensity of the rainfall has
greater influence on how the waterfall responds.
As water falls as precipitation, infiltrates into the soil layer, then through the
epikarst, a fractionation effect occurs to homogenize the isotopic signal. This averaging
effect suggests the mixing of old stormwater and new stormwater before it makes its way
to the waterfall (Polk et al. 2011). This is likely due to confining layers and the combined
fracture and diffuse flow characteristics of the epikarst. The results suggest complexity in
recharge dynamics and residence time lags of months to years in homogenizing the
isotopic signal during certain seasonal climate patterns and, thus, the effective recharge
water over the hydrologic year(s).
Finally, the relationship between meteoric recharge and the epikarst zone in
potential contaminant transport from this study suggests that both storage water being
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pushed through along with faster, conduit flow in the epikarst can allow contaminants
directly into the water supply. During events with less intensity, the epikarst has the
characteristics of short-term storage, which is hydrologically controlled by leaky,
confining chert layer (Vanderhoff 2011; Jackson 2017). This can allow certain amounts
of contaminants to mix and be stored until the next peak event occurs. In conclusion, this
study provides information regarding the recharge dynamics of epikarst systems under
agricultural landuse and their influence on the application of amendments and potential
contaminants when trying to manage water resource issue under agricultural landuse in
karst areas.

60

Chapter 4: Conclusions
Stable isotopes are key in understanding how epikarst recharge dynamics vary
under different conditions. Results from observing the isotopic variations from 20112018 in the epikarst waterfall, fluctuations were based on storm event intensity, type of
event, effective recharge, antecedent moisture, and season. Seasonal variations were
observed in rainfall with minor isotopic depletion during intense storm events. The
seasonal variation was more variable after the 2016 winter storm event, but maintained a
consistent average over the period of study.
Lysimeter isotope (soil water) values underwent a short-term averaging effect
under normal conditions, but became more depleted after intense events, such as the
hurricane event that occurred in 2017. The same trend was observed in the WF1 isotopes,
where homogenization of the storage water feeding the waterfall takes place up until the
winter storm event that caused values to become more enriched for a period of over a
year. This was also a result of seasonal change after the delayed snowmelt water entered
the system.
Using the isotope data, coupled with rainfall and discharge data, a better
understanding of recharge in the epikarst was identified. Effective recharge likely plays a
major role in the isotopic values of WF1, with soil storage and mixing within the epikarst
controlling the residence time of infiltrating matrix water. Events that cause more rainfall
may not be as effective in recharging, and potentially transporting contaminants, as
smaller, more intense storms. The results suggest storage thresholds that, if exceeded,
will cause quick responses via larger conduits and fractures, as well as flushing of storage
water in the system.
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Due to the sample collection occurring over a long period between 2011- 2018,
several issues occurred with lost samples and data gaps; however, this still represents one
of the longest and highest-resolution studies of its kind. Equipment failure is a limitation
in every study and all data were carefully analyzed before being finalized. Limitations
also occurred due to being unable to analyze additional lysimeter samples because of
time and funding, which may lend more insights to the soil processes at work.
For future studies, there is a need to investigate deeper into the influences, such as
evapotranspiration, effective recharge, relative humidity, and water sources on the
isotopic variations at Crumps Cave. Using these data, a more detailed understanding of
why isotope values shifted during certain events can be identified. Furthermore, an
effective recharge versus potential recharge analysis using geochemical data could
provide insight to the threshold of storage for the epikarst in this system. In addition,
geochemical data should be further analyzed and used in comparison to the data used in
this study for a more holistic understanding of contaminant transport within the epikarst.
To conclude, this study provides a robust look into the innerworkings of epikarst
recharge in a telogenetic karst setting under agricultural land use. As a result, the best
management practices to consider include 1) timing of soil amendment applications, 2)
storage and residence time estimates for pollutant monitoring, and 3) the additional need
to consider soil type and thickness as a controlling factor for contaminant storage and
recharge rates. Collectively, the results suggest careful consideration of the recharge
dynamics in karst areas is needed to prevent contamination from agricultural practices.
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